Nepenthesin, an aspartic endopeptidase from the pitcher fluid of Nepenthes, was found to be markedly less stable than porcine pepsin A when treated with urea or guanidine hydrochloride. This is in sharp contrast with its remarkably high pH/temperature stability as compared with porcine pepsin A. No protein with such a stability profile has been reported to date.
Nepenthesin is a novel aspartic endopeptidase produced by the carnivorous plant Nepenthes (MEROPS subfamily A1B).
1,2) Previously, we purified two isoforms of nepenthesin, nepenthesin I and II, to homogeneity from the pitcher fluid of Nepenthes distillatoria, and determined their enzymatic and structural characteristics, including cloning and sequencing of cDNAs of nepenthesins from N. gracilis. 2, 3) Although the enzymes share active site motifs, including two catalytic aspartic acid residues and the flap tyrosine residue, with pepsintype aspartic peptidases (MEROPS subfamily A1A), they are different in several other respects. Among these, a higher content of cysteine residues and remarkable stability at relatively high temperatures over a wide range of pH levels are notable. When nepenthesin I from N. distillatoria was incubated at pH 3.0 at 60 C for 30 d, about 30% of the original activity remained, whereas porcine pepsin A was completely inactivated at pH 3.0 at 50 C within 7 d. Furthermore, when incubated at pH 3.0-10.0 at 37 C for 30 d, nepenthesin I retained 80% or more of activity, whereas porcine pepsin A was completely inactivated under the same conditions. Porcine pepsin A was extremely unstable at 7.0 and above, at which it was irreversibly inactivated almost instantly. Nepenthesin II was also very stable, although it was slightly less stable than nepenthesin I. Nepenthesins contain 12 residues of cysteine per molecule, twice as many as porcine pepsin A, that presumably form six disulfide bonds, and these disulfide bonds are thought to contribute greatly to their unusual pH/temperature stability.
When a crude digestive fluid of N. alata was incubated at different temperatures for 1 h, activity was stable up to about 53 C. Then it started to decrease, and was lost completely at about 80 C. 4) This result is similar to those obtained with nepenthesin I and crude fluid from N. distillatoria. 2, 3) On the other hand, when crude fluid of N. alata was incubated at pH 2.9 at 37 C, activity decreased only very slowly on longer incubation. About 60% and 30% of the original activity were retained after 30 d and 65 d of incubation respectively. 4) Thus, the activity of nepenthesins in the crude digestive fluid of N. alata was also rather stable under the conditions examined. Recently, nepenthesin I was also cloned from N. alata and sequenced.
5) The sequence identity was 94.7% for nepenthesin I from N. gracilis. It also has 12 residues of cysteine per molecule, 5) like those from N. gracilis. In order to obtain more information on the stability of nepenthesins, in this study we investigated the effects of the denaturing agents urea and guanidine hydrochloride (HCl) on the stability of nepenthesins purified from the pitcher fluid of N. alata by measuring changes in activity toward hemoglobin.
Nepenthesin was purified from the pitcher fluid of N. alata essentially as described previously 2) for the enzymes from N. distillatoria, with various modifications. Batchwise treatment with DEAE-cellulose and chromatography on Sephacryl S-200 were omitted. In DEAE-cellulose chromatography on a DE-32 column (5:0 Â 15:0 cm), nepenthesin II was partially separated into two peaks, designated nepenthesins IIa and IIb, and these were purified separately in the following steps of chromatography on a pepstatin-agarose column (1:5 Â 3:0 cm) and a MonoQ column (0:5 Â 5:0 cm). Thus 4.25 mg, 0.47 mg, and 0.35 mg of purified nepenthesins I, IIa, and IIb respectively were obtained from 500 ml of crude digestive fluid. Nepenthesins IIa and IIb showed the same behavior on pepstatin-agarose chromatography and native polyacrylamide gel electrophoresis followed by activity staining. Part of each pooled fraction was dialyzed against 0.1 M glycine/HCl buffer, pH 2.0, in the subsequent studies.
The enzyme assay was performed at pH 2.0 with hemoglobin as substrate, essentially as described previously.
2) Urea, guanidine HCl, and dithiothreitol (DTT) were purchased from Wako Pure Chemical Industries (Tokyo), and porcine pepsin A from Sigma (St. Louis, Mo). Other reagents used were of analytical grade.
The effects of urea and guanidine HCl on activity were measured by incubating the enzyme (approximately 3-7 ng/500 ml) at pH 2.0 at room temperature (about 25 C) for 15 min in the presence of various concentrations of urea or guanidine HCl, followed by enzyme assay. When necessary, various concentrations of DTT were added to the mixtures. In the assays, the hemoglobin assay mixture contained the same concentration of various denaturants and/or DTT as in the preceding incubation, and the time of digestion was prolonged to 3 h. Porcine pepsin A was treated in the same manner for comparison.
The three-dimensional (3D) structure of nepenthesin I was predicted by the homology modeling method of CPHmodels, 6) using the crystal structure of human gastricsin (pepsin C, PDB ID lavf).
7) The secondary structures were predicted by the GOR4 program 8, 9) and according to Chou and Fasman. 10) A hydropathy plot was obtained by the method of Kyte and Doolittle. 11, 12) Figure 1a shows the effects of urea on the activity of nepenthesins and porcine pepsin A. Under the conditions used, porcine pepsin A was stable up to at least 5.6 M urea. This is consistent with results reported previously. 13) In contrast to this, nepenthesins were rather unstable. The activity was lost completely or almost completely at 5.0 M urea, although there were some variations in the stabilities of respective nepenthesins. The midpoints of denaturation were estimated to be 1.7 M, 2.4 M, and 1.6 M urea for nepenthesins I, IIa, and IIb, respectively. Figure 1b shows the effects of guanidine HCl on the activity of nepenthesins and porcine pepsin A. Porcine pepsin A was fairly stable. It was stable up to 3.6 M guanidine HCl, and then started to lose activity, and was completely inactivated at 5.0 M guanidine HCl. These results are also consistent with those reported previously. 14) On the other hand, nepenthesins were found to be much less stable, and were completely inactivated at 3.0 M guanidine HCl. The midpoints of denaturation were estimated to be 4.3 M, 0.4 M,
DTT, a typical reducing agent for proteins, was found more or less to enhance denaturation of the various enzymes. In the absence of urea or guanidine HCl, however, DTT alone did not much affect their stability. On the other hand, in the presence of urea or guanidine HCl, denaturation of the enzymes was markedly accerelated by DTT. Porcine pepsin A and nepenthesins I, IIa, and IIb retained over 90% of the original activity in the presence of 3.59 M guanidine HCl, 0.67 M urea, 1.46 M urea, and 0.67 M urea respectively, as shown in Fig. 1 . These activities were completely or almost completely lost when 40-70 mM DTT was present (data not shown). This is clearly due to breakage of the disulfide bonds by DTT in the presence of urea or guanidine HCl, and it shows their importance for stability. It also confirms that the cysteine residues in nepenthesins form disulfide bonds in the native state. From these results, however, it is difficult to evaluate the relative importance of the disulfide bonds for protein stability as between porcine pepsin A and nepenthesins.
Nepenthesins have been found to exhibit marked pH/ temperature stability as compared with porcine pepsin A.
2,3) The higher content of disulfide bonds is thought to contribute greatly to stabilization of the native conformation by rendering the enzymes more resistant to denaturation. Figure 2 shows the location of the disulfide bonds in the 3D structures of nepenthesin I (Fig. 2a , model structure) and porcine pepsin A 15) (Fig. 2b , PDB ID PEP5). It is notable that five disulfide bonds were present in the N-terminal lobe (the right half of the molecule) of nepenthesin I, whereas only one disulfide bond was present in that of porcine pepsin A. As for porcine pepsin A, it was reported that in the course of thermal denaturation disruption of the N-terminal lobe (residues 1-179, 307-327) is the first event, which leads to subsequent desruption of the C-terminal lobe (the left half of the molecule, residues 180-306). 16) Since the N-terminal lobe of nepenthesin I is thought to be much more stabilized by the disulfide bonds than that of porcine pepsin A, this should lead to stabilization of the whole molecule of nepenthesin, provided that the course of thermal denaturation is similar to that of porcine pepsin A. Although the C-terminal lobe of porcine pepsin A has an additional disulfide bond, it should not contribute much to the stability of the lobe, since it includes only three other residues (Ser-Gly-Gly) between two half-cystine residues. The marked stability of nepenthesins over a wide range of pH can be also explained partly by the lower content of acidic residues (Asp + Glu) relative to porcine pepsin A. The dissociation of acidic residues in weakly acidic to alkaline regions might cause anionic charge repulsion among them, promoting protein denaturation. The contents of acidic residues are 19 residues/per molecule of the total of 359 residues (5.3%) for nepenthesin I and 41 residues/per molecule of the total of 327 residues (12.5%) for porcine pepsin A. The locations of acidic residues in the 3D structures of nepenthesin I and porcine pepsin A are shown in Fig. 2 . The acidic residues were much less densely scattered over the surface of nepenthesin I than of porcine pepsin A. Therefore, the chances of charge repulsion are much smaller in nepenthesin I than in porcine pepsin A.
Judging by the marked stability of nepenthesins, it is natural to assume that nepenthesins are also stable against denaturing agents such as urea and guanidine HCl. Unexpectedly, however, they were found to be much less stable than porcine pepsin A toward these reagents (Fig. 1a and b) . To our knowledge, there is scarcely any protein known to date that possesses such properties, and thus nepenthesin may be useful as an interesting target in studying the mechanism of protein denaturation. Although the detailed molecular basis for the ability of these reagents to denature proteins remains unknown, it is generally believed that they expose and bind to buried hydrophobic residues, thereby disrupting hydrophobic interactions within the protein molecules. Moreover, they are also thought to disrupt hydrogen bonds in the protein molecules as well. Nepenthesin molecules are thought to be stabilized in part by such hydrophobic and hydrogen bonding interactions, which are critically important for the native conformation but are more readily breakable for some reason by these reagents than those in porcine pepsin A. From the evolutionary point of view, the higher pH/temperature stability of nepenthesins is thought to be a consequence of molecular adaptation to their tropical to subtropical living environments, so that they can continue to be active toward prey proteins for a long period without denaturation. On the other hand, it does not appear to be so important for nepenthesins to have higher stability toward such denaturing agents as urea and guanidine HCl which do not exist in nature.
The secondary structures of nepenthesin I and porcine pepsin A predicted by the GOR4 program are compared in Fig. 3a and b. They are markedly different, although both enzymes are homologous proteins. The secondary structure contents were estimated to be as follows: nepenthesin I: -helix, 6.7% and -strand, 32.0%; porcine pepsin: -helix, 4.3% and -strand, 37.0%. Similar results were obtained using the Chou-Fasman method (data not shown). Thus nepenthesin I appears to be less rich in -structure than porcine pepsin A. Figure 3c and d show a comparison of the hydropathy plots of the two enzymes. They are partially similar, but significant differences are observed in various regions. As for nepenthesin II from N. alata, the amino acid sequence is not yet available. Hence the sequence of nepenthesin II from N. gracilis 2) was used to obtain the secondary structure and hydropathy profiles (data not shown). The results thus obtained are similar to those of nepenthesin I from N. alata, but different from those of porcine pepsin A. Therefore, despite the presumably similar overall 3D structures between nepenthesins and porcine pepsin A, they appear to show marked differences in local secondary and 3D structures. These differences might be correlated with differences in the denaturation profiles. So far, however, no clear-cut explanation is possible regarding the marked instability of nepenthesins toward urea and guanidine HCl.
To clarify the denaturation mechanism, it is highly desirable to determine the precise 3D structures of nepenthesins. In the present study, the stability of both enzymes were assessed only from changes in enzymatic activity. Further studies are necessary to examine the denaturation profiles by physico-chemical methods, such as fluorescent spectroscopy, to shed further light on these issues.
